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Experimental Study of Uranyl
Adsorption onte Bacillus subtilis

DAVID A FOWLE,* JEREMY B FEIN, AND
AARON M MARTIN

Department of Cwil Engineering and Geological Sciences,
Umwersity of Notre Dame, Notre Dame, Indiana 46556

Uranyl adsorption onto the Gram-positive soil bacterium
Bacillus subtilis was measured using batch experiments in
01 M NaCl0, as a function of pH, tme, and sohd solute
ratio at 25 °C The expernimental data were interpreted using
a surface complexation approach The expenmental
measurements constrain the stoichiometry and thermo-
dynamic stabiiities of the important uranyl-surface complexes
The U adsorption data require two separate adsorption
reactions, with the uranyl 1on forming surface complexes
with the neutral phosphate functional groups and the
deprotonated carboxyl functional groups of the bactenal
cell wall R—POH? + U022+ «— R—POH—~UG2* {log K=
118 4 02) and R—C00~ + U0+ —~ R—CO0—U0;* (iog
K=54 % 02) These new stability constants, in conjunction
with other expenimental and predicted stability constants,
may be incorporated in surface complexaton models to
determine the mobility and fate of U in bactena-bearing
water—rock systems

Introduction

The release and subsequent transport of uranium and other
radionuchdes in near-surface geological systems has focused
research on developing accurate and versatile predictive
tools for determining the fate of uramum m water—rock
systems The mobility of uramum in low-temperature
water—rock systems is controlled by the solubihty of sec-
ondary uramum mneral phases (I, 2), the sorption of
uranum to morgamc and biological substrates (3—5), the
redox chemstry of uramum (6-9), and the tendency of
uramum to form stable aqueous complexes (6) Significant
efforts have been made to develop a thermodynamic database
that can accurately describe the aqueous geochemistry of
uramium in these systems (6, 10, 11)

Cell densities of 105—10° cells/g of sol or aquifer matenal
have been reported, potentially representing a significant
proportion of reactive surface area exposed to flmd (12, 13)
If not attached to the aquifer substrate but entramned in the
flud flow, the colloidal size of bacteral cells may lead to
enhanced transport of aquecus metal cation contaminants
(such as UO2?*) through adsorption reactions (14) However,
without a theoretical framework to quantfy the interachons
between microorgamsms and uramium (and other radio-
nuchdes), 1t remams difficult to mcorporate uranum-
bactena interactions Into current contaminant -«fansport
models

Bactenal sorption may affect the fate of uranium in many
near-surface environments Laboratory and field studies have
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demonstrated that microbes have the abihty to facilitate the
removal of uranium from the aqueous phase through the
sorption of U(V1) to bactenal cell walls (5, 15), through the
biological reduction of U(V]) (7—9), and through enzymatic
production or nucleation of U mineral precipitates (16, 17)
The high affinity of bactena for U and other radionuchdes
has led to a number a studies that measure the binding
capacity of a particular microorganism under a unique set
of expenmental conditions (for a thorough review of these
stuches, see ref 5) Many researchers have investigated
uranmum sorption onto microbial cell wall surfaces For
example, studies by Frus and Myers-Keith (18) and Cotoras
etal (19) quantified the abihty of Streptomyces longwoodensis
and Micrococcus to bind U through the use of system-specific
binding constants or chemical equiibna modeling In each
of these studies, however, a site-specific surface complexation
approach was not mvoked, therefore, the expenmental results
cannot be used to estimate the effect that changes in pH or
other aqueous chemistry would have on adsorption Each of
these studies has helped to demonstrate that bactena are
hkely to play a significant role in the transport and fate of
U m the subsurface However, none of them enable quan-
titative predictions of the extent of U adsorption onto bactenal
cell walls under conditions not directly studied in the
laboratory Toward this end, we investigated the sorption of
U by the Gram-positive soil bacterium Bacillus subtilis This
bactertum was selected for this study because 1ts cell wall
properties have been well-charactenized through micro-
biological and biochemical assays (20, 21) and 1ts surface
and acid/base properties have been previously described by
our lab (22—-24) Uulzing B subtilis \n our expeniments 15
also an environmentally relevant choice because this species
1s a common soil microorgamsm that has been isolated from
vranium mine settings and has demonstrated a strong ability
to bind U (25)

Our objective 1s to test whether the site-specific surface
complexation model (SCM) of Fein et al (22) can be used to
quantify U adsorption onto B subtilts The SCM for B subtilis
describes specific adsorption reactions between the func-
tional groups of the bactenal cell wall and the species n
solution through mass action laws that are governed by
thermodynamic stability constants The bactenal surface
deprotonation reactions for the carboxyl, phosphate, and
hydroxyl functional groups are charactenzed by the following
reactions (22)

R-COO-H'~R-COO™ +H" pK,=482 (1)

R—-PO-H"~R-PO"+H* pK,=69 2
R-0-H’=R-0"+H' pK,=94 3)

where R represents the bacterium to which each functional
groups attached The site densities and surface area utiized
for this model have been determined by Fein et al (22)
Deprotonatior: of the cell wall functional groups creates
negatively charged surface sites for metal adsorption ac-
cording to the general reaction (written for a generc surface
functional group, A)

M™ + R—A~ ~ R—-A-M"™"P @)

The deprotonation also leads to the development of a
negative electrical potennal associated with the bactenal cell
wall This potential in turn affects the interactions of ions

VOL. 34 NO 17 2000 / ENVIRONMENTAL SCIENCE & TECHNOLOGY » 3737




with the bactenal surface sites We can account for these
effects on surface acidity constants and metal stabihty
constants through the following relationship

K= Ky 8’270 )

where AZ1s the change in the charge of the surface species
for the reaction under consideration, F and R are Faraday’s
constant and the gas constant, respectively; T 1s absolute
temperature, Kiuinsc represents the equuibnum constant
referenced to zero surface charge, and ¢, is the electnic field
potential of the bactenal surface (26) We relate the surface
electrical potennal to surface charge (o) by a constant
capacitance double-layer model

c=2 6
” (6)

where Cis the capacitance of the B subtilis surface (8 0 F/m?)
(19) With this approach, equilibrium constant values can be
used to quantitatively predict the extent of proton and metal
adsorption onto specific bactenal surface sites over a wide
range of pH, metal concentration, and surface site concen-
traton conditions (22, 23, 27) The approach can also
successfully account for competitive adsorption (metal
cations) effects (28}, for the competition between aqueous
organicacids, and for the bactenal surface for available metal
cations (29)

In thss study, we document the adsorption of U onto the
Gram-posttive bacterium B subtilis, and we invoke a site-
specific SCM to model these interactions This study provides
msights 1n the pH dependence, reversibility, and kinetics of
U~B subahs adsorption reactions

Experimental Procedures

The bactenal species B subtilis was prepared and cultured
following the procedure outhined in Fein et al (22) and Fowle
and Fein (24) Integnty of the cell walls after the wash
procedure was momtored using microscopy and Molecular
Probes—LIVE/DEAD Baclight bactenal viability kit All solu-
nons in this study were prepared with distilled, delomized
(18 MQ) water Prior to each experiment, the bactena were
pelleted by centnfugation at 7500 rpm for 60 min The mass
of the pellet was measured 1n order to determine the
concentration of surface functional groups n each exper-
ment Note that the weight of bactena used in each
experiment 1s not reported as a dned weight but as a weight
after centnfugation

The sorption of Uby B subtiliswas studied in 0 1 MNaClO,
electrolyte solutions Batch experiments were conducted at
25 £ 1 °C as a function of pH, sohd/solute ratio, and
equilibration ime Bactenawere suspendedin0 1 M NaClO,
electrolyte, and 1000 ppm aqueous U standard was added
to the bactena—electrolyte solution to create ahomogeneous
parent solution of known bactenal (05,10, or 15 g/L) and
U concentrations (0 084 mM) Aliquots of the parent solution
were transferred to the reaction vessels (acid-washed polypro-
pylene), and the pH of the suspension 1n each vessel was
adjusted to the desired pH value using small volumes (less
than 1% of total experimental volume) of standardized HNO;
or NaOH The pHinterval of 1 5—5 0 was chosen to focus the
study on UO;?* adsorption At higher pH values, hydroxyl
and carbonate complexation of UO?* complicates the
aqueous and surface U speciation (the positively charged
hydrolysis products and carbonate complexes may adsorb)
and was beyond the scope of this imtial study The reaction
vessels were placed on a rotating rack that provided gentle
(10 rpm) end-over-end agitation The equilibrium pH was
recorded, and the suspension was filtered through a 0 1-um
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nylon filter The filtrate was acidified and analyzed for U
content by ICP-AES (with an analytical uncertainty of £2%)
The bactena do not lyse, sporolate, or multiply dunng our
experntments, therefore, cell concentrations or surface area
changes do not affect our results Control experiments
followed the expenimental procedure without the presence
of bactena

Desorption experiments were conducted to determine
the reversibihty of U-bactena adsorption reactions A
homogeneous parent solution of bactena + U + elect dlyte
was adjusted to pH 5 0 (a pH at which nearly all of the U was
adsorbed onto the bacteria) as described above Aliquots
from this parent solution were taken and adjusted to
sequentially lower pH values (4 8—1 8) after 2h of adsorption
contact ime The reaction vessels equilibrated at the new
pH values for 2 h and were sampled for U content as descnbed
above

Results and Discussion

The cell walls of B subrtilis display a strong affinity for U
(Figure 1) The control expeniments revealed a minor pH-
dependent systematic loss (1—10%) of U from pH 1 5 to pH
50, hkely caused either by adsorption of UO;** onto the
reaction vessels or by the formation of a uranium precipitate
All of our data were adjusted by fitting a linear regression to
the control data to correct for this loss The adjusted data 1s
depicted in Figures 1 and 3 The concentration of U bound
to the bacterium 1s strongly dependent on the sohd solute
ratio and the solution pH Adsorption increases with in-
creasing pH and solid solute ratio, presumably due to the
deprotonation of cell wall functional groups and the n-
creasing number of surface reactive sites The adsorption of
U reaches equihbrium within 30 min and remains invanant
through at least 24 h A maxamum U adsorption of 90% was
observed at pH 4 9 (1 5 g of bactena/L), and the mmmum
adsorption of U of 12% was observed at pH 17 (05 g of
bacterta/L) Remarkably, up to nearly 60% of the aqueous U
(1 5 g of bacternia/L) was adsorbed at solution pH values less
than 2, conditions at which virtually all surface sttes are fully
protonated and neutrally charged This is in marked contrast
to the adsorption behavior of other cations onto B subtilis,
which exhibit only small or negligible adsorption under such
low pH conditions (22, 23, 28) Desorption experiments
{Figure 1c), conducted at 1 5 g of bacteria/L, are in excellent
agreement with adsorption experiments, indicating that the
adsorption of U is both rapid and reversible Furthermore,
the rapid kinetics and reversibility of U binding in conjunction
with TEM images of B subtilis, which demonstrate that U
binds to the outside of the cell (30), strongly suggest that the
loss of U from the aqueous phase 1 these undersatuated
systems 1s through adsorption to the organic functional
groups of the bactenal cell wall

The expenmental data were used to calculate stability
constants for the U—functional group adsorption reactions
We use the program FITEQL 31 (31) to compare models
involving different U adsorption reaction stoichiometries and
to determine the model that most accurately describes our
data Figure 2 llustrates the aqueous speciation of U under
the experimental conditions Because of the predominance
of UO;** aver the pH range studied, it 1s most likely that
UO;**1sresponsible for the U uptake under the experimental
condiions We choose to model the system using the
following reaction stoichiometry

U0, + R-AH,"" = R-AH U0, (7

where A represents either a carboxyl, a phosphate, or a
hydroxy! surface functional group, and x can equal exther 0
or1 We test all possible adsorptior sue stoichiometries and
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{GURE 1 (a) Percent adsorption of U by B subtilis as a function
if n8 Experiments were conducted in 0.1 NaClO, with 10~4% M U
wnd with 05, 10, or 1.5 g of bactena/l. {b) Percent adsorption of
3 by B subtilis as a function of ime. Expeniments were conducted
n 0 1 NaClO; at pH 3.0 with 10-% M U and with 0.5 g of bactena/l.
c) The percent of total U associated with the bacternial surface
after adsorption (squares) and desorption {circles) as a function of
pH n 0.1 M NaCiO, with a total system concentration of 10~*% M
U and a bacterial concentration of 1.5 g/L. Desorption began after
a2-h penod of adsorption at pH 5.0 pH was then lowered to hetween
2 and 5.

solve for stability constants for each proposed stoichiometry,
as defined by

_ [R-AH,~UQ,"*¥]

= 8
aUOzH {R— AH‘(x_”]

K

where a represents aqueous activity and the brackets
represent surface site concentrations in moles per kilo-
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FIGURE 2. Calculated aqueous speciation of U at 25 °C and 1 bar
with agueous concentrations of 10-% M U, 10-35 M CO0:{aq), and
61 M NaClO, as function of pHit

TABLE 1 U(Vl) Aqueous Phase Reactions

log X
reaction (=100 25°C)

U022 + H0 = UO,0HT + H* -52
U0, 4 2H,0 =~ UQ,(0H), + 2H* ~120
U022 + 3H,0 = UO(OH);~ + 3H* ~192
20022 4 2H20 = (UO2)(OH) 2+ + 2H* ~5 622
3U0,2* + BH,0 — (UO,)3(0OH)s* + BH* -15 55
3U0;2% + TH0 =~ (VO3)3(0H);~ + THY ~310
4U02% + THR0 — (UO)(OH)* + THY -219

U022+ + CO52~ —~ U0,COS° 97

U052+ + 2C047~ =~ U0,{CO3)2~ 170
U022 + 3C03?2~ = UO2(CO3)5*~ 2363
2U022+ + CO; -+ 30H" = (U02)2C03(0H)3" 40 820

*From ref 11 °From ref 38 Al other stability constants from
ref 6

gram of solution The calculation of the stability constants
for the surface complexation reactions uses the equiibrium
constants from Fein et al (22) for the acid/base properties
of B subtilis and those of Wolery {32) for aqueous reactions
1n the Na—Cl04—NO;—H,0 system The values and sources
of the formation constants for the various uranium aqueous
species used m this study are hsted mn Table 1

The misfit of each mode} 1s quantfied using the V(Y)
vanance function in FITEQL.

(Ycalc - Yexp)2

Sexp
nny — n,

V{Y) = &)

where Yeuc and Yo, are the calculated and the experimental
data, sexp 1S the error associated with the expenmental data
{default FITEQL 3 1 value), n, 1s the number of data, ny 1s
the number of group II components (total and free con-
centrations are known), n, s the number of adjustable
parameters, and V(Y) 1s the vanance in ¥ The V(Y) value
provnides a gquanutative measure of the goodness of fit of
each model, and we use this parameter to determine the
best-fitting model

Adsorption of UO,** onto deprotonated carboxyl sites
1s the only mechamsm that can reasonably explamn the
pH dependence of adsorption that we observed between
approximately pH 25 and pH 50 Models mvolving ad-
sorption of UO2%* onto deprotonated phosphate or hydroxyl
sttes offer poor fits to the pH-dependent adsorption behavior
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TABLE 2 Companson of U0,—B subtilis Adserptien Models

bacterial conc model* iog * nry

15gofbactenal. R—-COOH-UO2* 904 3823
R~COO0-UO,+ 5T
R~POMH~-UO2* 1188 1994
R~CGO-UO0,+ 5432
R—OH-~U02+ 14 08 2334
R—-COO0~UO,+ 550

10gofbactena/. R~COOH-UO,2* 893 43N
R-CO0~UO,+ 558
R-POH-UO2* 1176 6 186
R-COO-UO,* 5§36
R-OH-UO#A* DNCe DNCe
R—-CO0-UO,+

05gofbactena/l R—-COOH-UO2* 836 2497
R—-CO0-UQ,t 553
R—-POMH~-UO2* 1183 27 88
R-CO0-UO,* 5303
R—-OH—-UO0,2* 1323 2838
R-CO0-UO,* 5439

best-fitting modeld R-POM-UO2* 118£02
R-CO0~UO,* 54402

* Models consider formation of surface complexes due to adsorption
of UO,2* onto the carboxyl, phosphate, and hydroxyl surface sites ® Log
K values are referenced to zero surface charge at 25 °C € Variance as
cafculated by FITEQL 7Choice of best fitting model is based upon
fit of weighted average log K values and overall vanance as calculated
by FITEQL. * DNC, did not converge

In addition, models that included multi-dentate uranyl
surface species resulted i a poor fit to the expennmental
data and are not considered further However, the pH-
dependent adsorption behawvior 1s inconsistent with the
adsorption observed under low pH conditions, where we
observe pH-independent adsorption, the extent of which
appears to be directly related to the amount of bacteria in
the system This pH-independent behavior requires an
adsorption species whose concentration does not vary over
at least the pH range of 15-25 Under these conditions,
each surface functional group type is virtually fully proto-
nated, with neghgble changes in concentration over this
pH nterval Therefore, we test each possible combination,
with each tested model coupling UO** adsorption onto
deprotonated carboxyl sites with adsorption of UO2** onto
either a protonated carboxyl, phosphate, or hydroxyl site
The results of these calculations, for each model and bactena
concentration, are compiled in Table 2

The results in Table 2 demonstrate that the best-fiting
model 1s the one nvolving low pH adsorption onto proto-
nated phosphate sites Several lines of evidence support this
concluston (1) for each set of bactenal concentration data,
this model yields a good fit to the data, as demonstrated by
low V(Y) values, (11) this model yields the smallest variations
in the calculated log K values for each surface complex be-
tween bacterial concentration data sets, (1) independent
31p NMR measurements have demonstrated that UQO,**
binding to phosphate sites of Mycobacterium smegmatis
occurs at pH values aslow as 1 0 (33), and (iv) metal complexes
with protonated phosphate hgands are well documented (34,
35), whereas protonated metal—carboxylate complexes are
unlikely to possess the large stability constants constrained
in this study Each data set yields a best-fitting stabihity
constant value for the two surface species, and we calculate
the weighted average stability constant values from the three
data sets, yielding a single value for each equihbrnium constant
that together provide the best-fiting model to all of the data
For UO,** adsorption onto protonated phosphate sites (K,
with A representing a phosphate site, and x = 1), the best-
fitung value of log Kis 11 8 + 0 2 For UO;?* adsorption onto
deprotonated carboxyl sites (K, with A representing a
carboxyl site, and x = 0), log K1s 54 £ 02
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HIGURE 4 Correlation diagram relating metal—carboxyl site (on
B subtilis cell wall) log stability constants to the agueous metai—
oxalate log stability constants The linear correlation coefficient
1s shown for the relationship

Figure 3 depicts the experimental data and model
predictions for the adsorption of U onto B subtilis at the
three different bactena concentrations Each curve 15 n
excellent agreement with 1ts corresponding data from pH
1 5topH2 0 Above pH 2 0, the expenimental data are shghtly
overpredicted by the model for the 1 5 g of bactena/L system
and underpredicted for the other bacternal concentrations
However, these discrepancies are munor and within the
uncertainties for the stability constants Therefore, we
conclude that these two adsorption stoichiometries, with
the two calculated stability constant values, can accurately
account for both the pH dependence and the sohd solute
ratio dependences of adsorption

Although only a limited number of metal-bactena
adsorption reactions have been studied to date, recent work
(22, 23) suggests that metal—carboxyl stability constants can
be estimated with reasonable accuracy, using a hnear free
energy approach (36) We can use the results of this study
to place additional constraints on these relationships Figure
4 shows the relationship between aqueous metal—oxalate
stability constants and those determined for metal adsorption
onto deprotonated carboxyl sites on B subtilts The data are
from Fen et a) (22) for Al, Pb, Cd, and Cu, from Fowle and
Fein (28) for Ca, and from this study for UO?* Fein et al
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(22) determined a similar correlation between B subtiiis
stability constants and those mvolving tiron However, an
accurate aqueous UO22*—tiron stabibity constant value has
not been measured, and so we cannot further constrain this
relationship with our new data Stabihity constants used for
metal—oxalate complexation are those described 1n Martell
and Smith (34, 35 The values were adjusted (if necessary)
to zero 1onic strength using the Debye—~Hiickel equation with
parameters from Hegleson et al (37) Figure 4 illustrates an
excellent correlation between aqueous and bactenal surface
metal—organic complexation, indicating that metal—bactena
surface carboxyl complexes may include partial bonding
contributions from more than one carboxyl oxygen consid-
ening the strong correlabon with metal chelating hgand
oxalate The hnear correlation coefficient 1s 0 953, a high
value especially given the uncertainties in the metal—organic
stability constants, the metal—carboxyl stability constants,
and uncertainties 1n applying the Debye—Huickel equation
to relatively high 1onic strengths and to di- and especially
trivalentions This stnking relationship appears to be robust,
and the inclusion of the new Ca and UO,?** data enables us
to extend the range of the hnear free energy relationship by
an order of magnitude Metal~bacterna adsorption behavior
can now be estimated for a much wider range of metals

Bactenal adsorption may significantly affect the distnbu-
tion and, hence, mobility of uranium n groundwater systems
Our results offer a first step toward quantifying the speciation
of Unbactena-bearing systems The study of metal—bacteria
adsorptionisin iis infancy, and many more interachons must
be quantified before surface complexation models of realistic
systems are possible However, 1t 1s the vast range of systems
that are of geologic and environmental interest that makes
the surface complexation approach so powerful To apply a
surface complexation approach, a large number of 1sclated
stabiity constants must be determined, erther by direct
measurement or by esttmation techmgques, but there is no
other technique that yields quantitative estmations of metal
distnbutions over a broad range of near-surface geological
conditions
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